ble with CNGA1 subunits to form heteromeric CNGA1/ (CNGA1-RP) homomeric channels in Xenopus oocytes CNGB1 channels. Heteromeric CNGA1/CNGB1 chanrevealed no measurable differences compared to wildnels have an apparent affinity for cGMP similar to type CNGA1 homomers. As native retinal rod CNG CNGA1 homomers. However, the CNGB1 subunit conchannels comprise CNGA1 and CNGB1 subunits, we fers several novel functional properties to CNGA1/ coexpressed CNGA1-RP and CNGB1. Surprisingly, CNGB1 heteromers, including ‫-01ف‬fold higher fractional this subunit combination did not produce detectable activation by adenosine 3Ј:5Ј-cyclic monophosphate channels at the membrane surface. We show that the (cAMP), sensitivity to L-cis-diltiazem, "flickery" singlemechanism underlying this defect involves an interchannel behavior, a slight increase in outward rectificasubunit interaction between CNGA1 and CNGB1 that tion, and sensitivity to Ca channel polypeptide lacks the final 37 amino acids in a CNG channel subunits contain six putative transmem-C-terminal region distal to the cyclic nucleotide-binding brane domains, a pore loop domain, and intracellular domain. N-and C-terminal domains, a topology similar to that Using a combination of biochemical, electrophysioof voltage-activated K ϩ channels (Jan and Jan, 1990). logical, and fluorescent imaging techniques, we have In their C-terminal region, all CNG channels have a coninvestigated the mutant phenotype of the CNGA1 served, cyclic nucleotide-binding domain (CNBD) that R654E-Stop mutant (here called CNGA1-RP). We found has high sequence similarity to cyclic-nucleotide-bindthat homomeric CNGA1-RP channels expressed roing proteins of known three-dimensional structures inbustly and were biophysically similar to wild-type cluding a bacterial transcription factor (Weber and CNGA1 channels when studied in Xenopus oocytes. Steitz, 1987) and a cyclic nucleotide-dependent protein However, coexpressing CNGA1-RP with CNGB1 did not kinase (Su et al., 1995) . produce any detectable ion channels at the cell surface. There are currently six types of cloned mammalian We show that the mutant phenotype was due to disrup-CNG channel subunits that share 35%-75% similarity tion of a novel intersubunit interaction between CNGA1 and CNGB1 subunits that regulated channel trafficking. In the absence of the intersubunit interaction, an approx-
channel polypeptide lacks the final 37 amino acids in a CNG channel subunits contain six putative transmem-C-terminal region distal to the cyclic nucleotide-binding brane domains, a pore loop domain, and intracellular domain. N-and C-terminal domains, a topology similar to that Using a combination of biochemical, electrophysioof voltage-activated K ϩ channels (Jan and Jan, 1990). logical, and fluorescent imaging techniques, we have In their C-terminal region, all CNG channels have a coninvestigated the mutant phenotype of the CNGA1 served, cyclic nucleotide-binding domain (CNBD) that R654E-Stop mutant (here called CNGA1-RP). We found has high sequence similarity to cyclic-nucleotide-bindthat homomeric CNGA1-RP channels expressed roing proteins of known three-dimensional structures inbustly and were biophysically similar to wild-type cluding a bacterial transcription factor (Weber and CNGA1 channels when studied in Xenopus oocytes. Steitz, 1987) and a cyclic nucleotide-dependent protein However, coexpressing CNGA1-RP with CNGB1 did not kinase (Su et al., 1995) . produce any detectable ion channels at the cell surface. There are currently six types of cloned mammalian
We show that the mutant phenotype was due to disrup-CNG channel subunits that share 35%-75% similarity tion of a novel intersubunit interaction between CNGA1 and CNGB1 subunits that regulated channel trafficking.
In the absence of the intersubunit interaction, an approx- imately 20 amino acid sequence in the N-terminal region fold increase in activation by cAMP compared with homomeric CNGA1 channels (compare cAMP traces in of CNGB1 was exposed and prevented surface expresFigures 1B and 1D; also see Table 1 ). sion of heteromeric channels. Thus, the pathophysiologTo test if CNGA1-RP/CNGB1 heteromers were physiical phenotype of the CNGA1-RP mutant is absence cally present at the membrane surface, we attached of a CNG current, which is a likely precursor to the an enhanced yellow fluorescent protein (eYFP) to the degeneration of rod cells that is characteristic of RP.
CNGA1 subunit just after the cyclic nucleotide-binding domain (CNGA1⌬608-eYFP). Compared with CNGA1-Results RP, this channel lacked an additional 48 amino acids from the distal C-terminal domain (and included an addiHeteromers Containing the CNGA1-RP Mutant tional ‫042ف‬ amino acids encoding eYFP) but behaved in Are Not Present at the Membrane Surface a similar manner. CNGA1⌬608-eYFP channels produced To investigate the properties of a retinitis pigmentosa large currents when expressed alone and had a similar (RP) mutant in CNGA1 subunits (CNGA1-RP), we exaffinity for cGMP and a similar low fractional activation pressed these channels in Xenopus oocytes. Currents by cAMP when compared to wild-type channels (Figure from CNG channels were detected using the inside-out 2A; Table 1 ). Using a confocal microscope we also obconfiguration of the patch-clamp technique (Hamill et served the presence of CNGA1⌬608-eYFP channels at al., 1981) after application of cyclic nucleotides to the the membrane surface (Figure 2A ). In contrast, when internal face of a membrane patch.
we coexpressed CNGA1⌬608-eYFP with CNGB1, we CNGA1-RP channels expressed robustly in all oocytes detected neither currents nor a fluorescent signal (Figtested as determined by their response to saturating ure 2B), indicating that these coexpressed subunits cGMP ( Figure 1A ; Table 1 ). Compared with wild-type were not present at the membrane surface. As a control, CNGA1 channels, CNGA1-RP channels had a similar, we coexpressed CNGA1-eYFP (which contained an inlow fractional response to cAMP and a similar apparent tact distal C-terminal region) and CNGB1 ( Figure 2C ). affinity for cGMP ( Figures 1A, 1B , and 1E; Table 1 ). InterThese heteromers (monitored by increased fractional estingly, this mutant was previously reported to not exactivation by cAMP) ( Figure 2C ; Table 1) The equivalent set of experiments using CNGA1⌬608 1993), we coexpressed CNGA1-RP with CNGB1. Surwithout eYFP produced virtually identical expression prisingly, we did not detect currents in any of these results as above (Table 1) . oocytes ( Figure 1C ; Figure 2D . There is good agreement between the current level and fluorescence inten-CNGA1/CNGB1 channels were identified by their ‫-01ف‬ control channels (Student's t test; p Ͻ 0.001). The very imental Procedures). Briefly, one set of target proteins was fused to GST and bound to glutathione beads. We weak fluorescent signal attributable to CNGA1⌬608-called these proteins "bait." Figure 3A (left) illustrates eYFP/CNGB1 shows that these heteromeric channels a bait protein that encoded an N-terminal region from were weakly expressed at the membrane surface, as CNGB1 that extended from the Ca 2ϩ /CaM binding site to initially inferred from weak current expression. Thus, the the beginning of the S1 transmembrane domain (amino weak current expression detected from coexpression acids 677-764). A second set of proteins was fused to of wild-type CNGB1 with either a CNGA1 subunit lacking polyhistidine, purified on Ni 2ϩ beads, and contained a the last 37 amino acids (CNGA1-RP) or the last 85 amino FLAG epitope tag at their C terminus for detection. acids (CNGA1⌬608) is also presumably due to lack of These we called "fish." Fish proteins corresponded to functional channels at the cell plasma membrane. the various C-terminal regions of both CNGA1 and We next asked whether those heteromeric channels CNGB1 ( Figure 3A , right). Constructs shown in blue were that were not present at the membrane surface were derived from CNGA1, and constructs in red were derived still present in the cell. To test this, we injected oocytes from CNGB1. Bait and fish proteins were allowed to with a cysteineless CNGA1 subunit containing a myc interact, were extensively washed, and interacting proepitope tag for detection (CNGA1-myc), isolated total teins were recovered and detected by Western blotting. proteins from cells, and probed Western blots with an
We tested for an interaction between the N-terminal anti-myc antibody (CNGA1-myc and CNGA1⌬608-myc region of CNGB1 and various C-terminal regions of eiexhibited similar surface expression and functional ther CNGA1 or CNGB1. We used similar amounts of fish properties as CNGA1 and CNGA1⌬608; data not shown).
proteins derived from either CNGA1 or CNGB1 (Figure For cells injected with CNGA1-myc, CNGA1-myc/CNGB1, 3B) and similar amounts of bait protein derived an and CNGA1⌬608-myc, robust bands were detected re-N-terminal region of CNGB1 ( Figure 3C , top). We devealing the presence of the CNGA1-derived subunits, tected a strong, specific physical interaction between as expected ( Figure 2E ). In cells coinjected with CNGA1
an N-terminal region of CNGB1 (amino acids 677-764) ⌬608-myc/CNGB1, a combination that did not result in and a C-terminal region of CNGA1 (amino acids 497-channels at the membrane surface, we also detected 693), which extended from the CNBD to the C terminus the presence of the myc-tagged subunit ( Figure 2E ).
( Figure 3C, bottom) . In contrast, an interaction was not Thus, for those channels not detected at the membrane detected with the "C linker" domain (between S6 and the surface (e.g., CNGA1-RP/CNGB1), these results suggest CNBD) of CNGA1 or two fusion proteins spanning the that the CNGA1 subunits were contained within intracelentire C-terminal region of CNGB1. Thus, a specific prolular compartments.
tein-protein interaction was formed between a C-terminal To summarize, perturbation of the distal C-terminal region of CNGA1 and an N-terminal region of CNGB1. region in either CNGA1-RP or CNGA1⌬608 subunits did
In the context of intact heteromeric CNGA1/CNGB1 not apparently affect the properties of the respective channels, this physical interaction must occur between homomeric channels. Intriguingly, a role for the distal different subunits of the channel tetramer. C-terminal region from CNGA1 was only discernible
We next mapped the region of CNGA1 that was reupon coexpression with wild-type CNGB1 subunits, as sponsible for this intersubunit interaction with the coexpression of CNGA1⌬608 or CNGA1-RP subunits CNGB1 N-terminal region. We utilized several additional with CNGB1 did not result in detectable channels at fish proteins encoding various CNGA1 C-terminal rethe membrane surface, despite the presence of these gions ( Figure 4A , right). Interactions were detected in subunit proteins, presumably within the cell interior. every construct that contained the domain distal to the Lastly, the pathophysiological phenotype underlying CNBD. Indeed, just this domain, from amino acids 609-the CNGA1-RP mutant appears to be the lack of sur-693, was sufficient for the interaction (Figure 4B (CNGA1⌬608; Figure 6 ). As expected, we did not detect current from oocytes coinjected with CNGA1⌬608 and A possible mechanism to explain the absence of surface expression in CNGA1-RP/CNGB1 is that the CNGB1 wild-type CNGB1 ( Figure 6A ; Table 1 ). We also did not detect currents from coexpression of CNGA1⌬608 and N-terminal and CNGA1 C-terminal intersubunit interaction itself is required for surface expression of intact CNGB1 N-terminal deletions that removed the GARP region (amino acids 2-676; Figure 6B ; containing channels were about 20-fold smaller than in CNGB1⌬2-765 containing channels [see Discussion]). Why were heteromeric channels expressed at the membrane surface when the intersubunit interaction Like CNGB1⌬2-765 subunits in Figure 5 , each of the partial deletion mutants in Figure 6 also formed funcwas broken by deletion of the CNGB1 N-terminal region but not when the interaction was broken by deletion of tional heteromers with wild-type CNGA1 subunits 
. Mapping a C-Terminal Region Sufficient for the Intersubunit Interaction (A) Cartoon showing positions of bait (left) and fish (right) proteins on a generic CNG channel (top, black). CNGB1-derived proteins are in red, and CNGA1-derived proteins are in blue. (B) Western blot showing results of interaction assays between bait and fish constructs in (A). (C) Western blot showing no interaction detected between CNGB1#677-764 and the protein corresponding to the RP mutant, CNGA1#609-656 RP. Identical results were seen in at least three other experiments for (B) and (C).
(based on fractional activation by cAMP; data not amino acid sequence from the CNGB1 N-terminal region, just upstream of the S1 transmembrane domain, shown), indicating that all CNGB1 mutant subunits were viable for heteromerization. We conclude that an apmore generally serves as a region that prevents membrane expression when not bound by the distal proximately 20 amino acid stretch from 747 to 764, just upstream of the putative S1 transmembrane segment C-terminal domain. in CNGB1, is responsible for preventing surface expression in heteromeric channels lacking the distal C-terminal Discussion domain of CNGA1.
Can these 20 contiguous amino acids from the CNGB1 We have shown electrophysiological and biochemical evidence for an intersubunit interaction between the N-terminal domain generally serve as a region that prevents membrane expression? To address this, we added distal C-terminal domain of CNGA1 (609-693) and an N-terminal region of CNGB1 that includes a Ca 2ϩ /CaM this sequence to a channel that is normally expressed at the cell surface by replacing the entire N-terminal binding site (677-764), as summarized in Figure 8A . The importance of this interaction is underscored by a RP domain of CNGA1 with a region of CNGB1 that included this 20 amino acid sequence ( Figure 7A ). This chimera mutant (CNGA1-RP) that contains only about half of the distal C-terminal domain in CNGA1 (609-656), does not (CNGB1-CNGA1) expressed robust currents ( Figure 7A ), as expected, since these channels have an intact form this intersubunit interaction with CNGB1, and therefore does not form functional channels at the mem-CNGA1 distal C-terminal domain and should be able to form an interaction with the transplanted N-terminal brane surface in the presence of CNGB1. The lack of heteromeric CNGA1-RP/CNGB1 channel expression domain from CNGB1. However, when the distal C-terminal domain was removed from the CNGB1-CNGA1 channel, was not due to disruption of this intersubunit interaction per se, since breaking the interaction by removing the the new chimeric channels (CNGB1-CNGA1⌬608) were only very weakly detected at the membrane surface entire CNGB1 N terminus still allowed robust membrane expression of heteromers. Instead, we found an approxi-( Figure 7B ; Table 1 ). These results confirm that a ‫02ف‬ . However, when we mutated these six charged residues en masse to alanines and coextransmembrane domain in CNGB1 that prevented membrane expression when the intersubunt interaction was pressed this CNGB1 mutant with CNGA1⌬608, membrane expression was not detected using the patchnot formed (as summarized in Figure 8B ). The role of this 20 amino acid region was confirmed by transferring clamp technique (n ϭ 4; data not shown). Thus, KKXX, XXRR, or RXR types of trafficking motifs were not necesthis region to a channel that is normally trafficked to the surface (CNGA1⌬608) where it also prevented memsary to prevent membrane expression in our case. The expression level in channels containing ten amino acids brane expression.
One mechanism by which the ‫02ف‬ amino acid region in the N-terminal region of CNGB1 (CNGB1⌬2-755) was about 20 times smaller than that seen when channels from CNGB1 could prevent membrane expression is if it contained a motif that affected trafficking of CNG lacked virtually the entire N-terminal region (CNGB1⌬2-765; compare Figures 6F and 6G, and see Table 1 ). channels to the plasma membrane. This region, from amino acids 746 to 764 (KFKRRPWKKYQFPQSIDPL), Based on this result and the lack of effect of mutating the known ER retention/retrieval motifs upstream of position contains six positively charged residues, including two known endoplasmic reticulum retention/retrieval motifs 755, we suspect that the primary determinants for preventing membrane expression are contained within the with the sequence KKXX and XXRR (where X is any residue) that mediate membrane trafficking in a host of ten amino acids (YQFPQSIDPL) between position 755 and 764, located just upstream of the first transmemproteins (Teasdale and Jackson, 1996) . This region also contains sequences reminiscent of the RXR retention/ brane domain. Since protein was present for CNGA1-derived channel subunits, even when those channels retrieval motif that controls membrane expression of heteromeric K ATP channel subunits (Zerangue et al.,
were not present at the membrane surface, this region from CNGB1 could perhaps serve as a retention/retrieval 1999) and heteromeric GABA(B) receptors (Margeta- signal that, when exposed, keeps the protein complex not detect functional homomeric channels using patchclamp analysis (data not shown). Thus, while we cannot internalized. We cannot strictly rule out other scenarios, such as very rapid turnover of channels from the memcompletely rule out a role for the short N-terminal amino acid sequence in nonexpression of CNGB1 alone, there brane surface. Regardless of the precise mechanism for lack of surface expression due to this short amino acid must be other, additional mechanisms underlying this phenomenon. sequence, these results are consistent with our model in which breaking an intersubunit interaction between We detected neither currents nor fluorescence signals attributable to homomeric CNGA1-RP or CNGA1⌬608 CNGA1 and CNGB1 exposed a sequence that prevented membrane expression of the entire heteromeric complex channels in oocytes coinjected with CNGB1. This result has two implications for CNG channel assembly. First, and accounted for this incidence of RP (as in Figure 8B ).
Functional channels are not produced when CNGB1 it implies that mutant CNGA1 subunits must have been viable for association with wild-type CNGB1 subunits; is expressed alone in exogenous systems (Chen et al., 1993) . Is the short sequence from CNGB1 responsible otherwise we would have detected homomeric mutant CNGA1 channels, like when the mutant CNGA1 subunits for nonexpression of heteromeric channels also responsible for nonexpression of CNGB1 as a homotetramer?
were expressed alone. Second, it implies that mutant CNGA1 and wild-type CNGB1 channel subunits must If so, we might expect to see expression of CNGB1 homomers upon removal of these amino acids. Hownot associate randomly, but rather, must have a preferred heteromeric arrangement; otherwise we would ever, when we expressed CNGB1 subunits lacking the entire N-terminal domain (CNGB1⌬2-765) alone, we did have seen a small but readily apparent proportion of The bovine CNGA1 clone used here was previously described (Gordescribed above. Fish constructs contained CNG channel C-terminal domains with a 6ϫHis sequence added to their N terminus and a don and Zagotta, 1995) and was identical to the original isolate
